Mass models of a sample of 171 low-and high-surface brightness galaxies are presented in the context of the cold dark matter (CDM) theory using the NFW dark matter halo density distribution to extract a new concentration-viral mass relation (c− M vir ). The rotation curves (RCs) are calculated from the total baryonic matter based on the 3.6 µm-band surface photometry, the observed distribution of neutral hydrogen, and the dark halo, in which the three adjustable parameters are the stellar mass-tolight ratio, halo concentration and virial mass. Although accounting for a NFW dark halo profile can explain rotation curve observations, the implied c − M vir relation from RC analysis strongly disagrees with that resulting from different cosmological simulations. Also, the M/L−color correlation of the studied galaxies is inconsistent with that expected from stellar population synthesis models with different stellar initial mass functions. Moreover, we show that the best-fitting stellar M/L− ratios of 51 galaxies (30% of our sample) have unphysically negative values in the framework of the ΛCDM theory. This can be interpreted as a serious crisis for this theory. This suggests either that the commonly used NFW halo profile, which is a natural result of ΛCDM cosmological structure formation, is not an appropriate profile for the dark halos of galaxies, or, new dark matter physics or alternative gravity models are needed to explain the rotational velocities of disk galaxies.
INTRODUCTION
According to Newtonian gravity, the rotational velocity falls with distance from the center of a galaxy (the so-called Keplerian fall-off), while the observed data for galaxies usually show an asymptotically flat rotation curve out to the furthest observationally accessible data points. The flattening of the rotational velocity of material for a large sample of spiral galaxies is strong empirical evidence for the discrepancy between the visible mass and the dynamical mass of galaxies (Rubin, Ford, & D'Odorico 1970; Rubin, Thonnard & Ford 1978; Bosma 1978) . Rotation curves of spiral galaxies have been studied for several decades now, and provide a valu-⋆ E-mail: haghi@iasbs.ac.ir (HH) able body of data to determine the radial dependency of the gravitational forces on galactic scales.
The generally accepted explanation of the galaxy mass discrepancy problem is the cold dark matter (CDM) model in which the visible disk of a spiral galaxy (in the form of gas and stars) might be surrounded by a more massive and extensive halo of unseen cold dark matter (CDM; Begeman, Broeils, & Sanders 1991; Persic, Salucci, & Stel 1996; Chemin, de Blok, & Mamon 2011) made of nonbaryonic at most weakly interacting particles which are not described by the standard model of physics (e.g. Bertone et al 2005) and which dominates the gravitational field in the outer parts (Kormendy, J. and Knapp, G. R 1987) . In the Λ-CDM framework, the dark halos merge in a hirarchical fashion into larger halos, building up over time the present-day galaxies.
Dark matter (DM) had also been inferred to contribute significantly on larger scales in the Universe from the large velocity dispersions observed in galaxy clusters by Zwicky (1933) in the 1930s, gravitational lensing of background objects by galaxy clusters such as the Bullet Cluster, the temperature distribution of hot gas in galaxies and clusters of galaxies, and more recently by the pattern of anisotropies in the cosmic microwave background. Despite more than 40 years of extensive searches for dark matter particles, no wellagreed candidate particles of DM have yet been directly detected. The lack of evidence for dynamical friction due to dark matter halos also challenges the existence of dark matter particles Oehm, Thies & Kroupa 2017 ).
Theoretically, several suggestions are proposed in the literature for the density profile models of the DM distribution. One of the most important commonly used models is the NFW dark matter halo model (Navarro, Frenk, & White 1996) , derived from Λ-CDM cosmological simulations of structure formation using collisionless DM particles. This work suggests that equilibrium DM haloes, produced through hierarchical clustering, are well approximated by a universal, two-parameter density profile.
CDM model (Navarro, Frenk, & White 1996; Moore et al. 1999; Navarro et al. 2004 ) predictions for a sample of spiral galaxies with accurately measured RCs concluded that the CDM hypothesis fails to reproduce observed RCs (see, e.g., de Blok, McGaugh, & Rubin 2001; de Blok & Bosma 2002; Gentile et al. 2004 Gentile et al. , 2005 Gentile, Tonini, & Salucci 2007; McGaugh et al. 2007; Zonoozi & Haghi 2010; Wu & Kroupa 2015) . Deriving the rotation curves of 19 galaxies of the THINGS sample, de found that most of these galaxies preferred the observationally motivated core-dominated isothermal halo (i.e., the shallower central region) over the cuspy NFW haloes, the so-called core-cusp controversy. Zonoozi & Haghi (2010) constructed RCs of a large sample of 48 galaxies from the distribution of their detectable matter through a set of different gravity models. While the different models reproduce the observed data with reasonable detail, on a deeper examination, they found significant disparities in their predictions of stellar mass -to-light (M * /L) ratios in the framework of the CDM theory using the NFW profile for galaxy halos. They also showed that the stellar population synthesis (SPS) analysis and the color M * /L correlation predicted therein through various initial mass functions (IMF) could differentiate between the gravity models.
In this paper we aim at fitting the RCs of a large sample of 171 galaxies from the new Spitzer Photometry and Accurate Rotation Curves (SPARC) data set using the NFW model for dark matter halo profile. The paper is organized as follow: the rotation curve data of a sample of galaxies are described in Section 2. In Section 3 we produce the rotation curve fits to the used sample of galaxies using the NFW halo profile. This is followed by a presentation of the results of fits in Section 4. Conclusions are contained in Section 5.
THE DATA
We used RCs from the SPARC dataset which is compiled from the literature by Lelli, McGaugh, & Schombert (2016) . The sample includes a collection of 171 galaxies, spans a wide range of K-band luminocities from 3 × 10 7 to 3 × 10 11 L⊙,K and morphological types, from gas-dominated low-surface brightness (LSB) galaxies (e.g., DDO 154 and IC 2574) to high surface brightness (HSB) galaxies with a massive stellar component and a low gas content with wellextended rotation curves (e.g., NGC 5033). This diversity is useful for studying dynamical properties of spiral galaxies. The properties of a subset of this sample with the negative best-fitting stellar M * /L ratios are listed in Table 1 and the corresponding RCs are shown in Fig. 5 (see Section 4 for more details). The details of the data sample are explained in the SPARC main paper (Lelli, McGaugh, & Schombert 2016) .
FITTING THE ROTATION CURVES
In fitting RCs we follow the procedure outlined by Begeman, Broeils, & Sanders (1991) . The rotation curve includes contributions from the stellar and gaseous disk, stellar bulge if any, and the dark matter halo. The stellar components used in this study are derived from 3.6 µm-band surface brightness profiles (which is a good proxy for the emission of the stellar disc), converted into mass using the M * /L [3.6] ratio (as a free parameter) in that particular band (See Lelli, McGaugh, & Schombert (2016) for more details). This M * /L [3.6] ratio is assumed to be constant with radius, throughout the galaxy, though this is not strictly the case, because of the color gradient in spiral galaxies. We leave the amplitude of the disk contribution to the circular velocity (i.e. the disk mass) as a free parameter to be derived by fitting the RC. The atomic hydrogen gas contribution is derived from the HI maps corrected for the primordial helium contribution by scaling the HI mass by a factor of 1.4. We assume that the dark matter halo has a density distribution given by a NFW profile,
where ρ0 and rs are scaling parameters that characterize a given halo. By integrating Eq. 1, the total mass inside the radius r is given by
The NFW density profile can be equivalently identified by just two parameters, the virial mass of the halo, Mvir, and the concentration, c = rvir/rs, which relates the inner and virial parameters as
rs = 1 c 3Mvir 4π∆virρcrit
where ∆vir is the virial overdensity criterion, which is a function of cosmology and redshift and varies from 100 to 200, ρcrit = 3H 2 (z)/8πG is the critical density and rvir is the virial radius of a sphere that encloses an average density of ∆vir × ρcrit within the virialized region. It is conventional to describe a DM halo as a spherical region with density of about 200ρcrit of the universe. Hence the virial mass of this spherical over-dense region is given by:
vir , with ∆vir = 200.
The potential to which the NFW density profile corresponds is given by
Simulations of structure formation have shown that there exists a (redshift-dependent) correlation between halo concentration, c, and the virial mass, Mvir, such that more massive halos are less concentrated (Bullock et al 2001; Wechsler et al 2002; Neto et al. 2007; Klypin et al 2011) .
The concentration-mass relation for virialised halos can be approximated as log 10 (c) = 1.025 − 0.097 log 10 Mvir 10 12 h −1 .
Therefore, the NFW halo profile can be rewritten, at a given redshift, in terms of a single parameter, Mvir. Eq. 7 is valid for redshift z = 0. The model RCs can be presented as a quadratic sum of the circular velocities of the various components:
where, v d , v b , vg, and v h is the contribution of the stellar disk, bulge gas and DM halo to the rotation curve, respectively. (M * /L) d and (M * /L) b are the 3.6 micron band stellar mass-to-light ratios of the disk and the bulge. In this work we adopt (M * /L) b = 1.4(M * /L) d as suggested by SPS models (Schombert & McGaugh 2014) . McGaugh (2016) shows that this is a very good approximation. We quantify the goodness-of-fit by computing the reduced χ 2 . Fitting of the calculated rotation curves to the observed data points is achieved by finding the stellar M * /L [3.6] ratio and halo parameters in parameter space, by minimizing the reduced least-squares value,
where σi is the observational uncertainty in the rotation speeds and P is the number of degrees of freedom. N is the number of observed velocity values along the radial direction in a galaxy. The M * /L [3.6] ratio of the stellar component, halo concentration c, and the halo virial mass Mvir are free parameters (i.e., P=3), where allowed to M * /L [3.6] vary in a physically relevant range.
RESULTS
In this section we present the results of the RC fits (shown in Figs. 5 and summarized in Table 1 ) by comparing the calculated circular velocity curves in the ΛCDM framework with the observed RCs using the least square algorithm (Eq. 9).
Negative stellar mass-to-light ratios
The NFW dark matter halo fits are made with the M * /L [3.6] ratio, Mvir, and c as three fitting parameters. According to the χ 2 ν values in Table 1 , despite the flexibility provided by three fitting parameters, the matching of the observed RCs is largely good with χ 2 ν ≈ 1. Figure 1 shows χ 2 ν versus M * /L [3.6] . In particular, discrepancies between the theoretically constructed best-fitting RCs and the observed ones are seen for 31 galaxies in the sample (with χ 2 ν 3). Moreover, the implied stellar M * /L [3.6] ratio in 51 out of the 171 galaxies of our sample have unphysically negative values as listed in Table 1 . It should be noted that the average value of the best fitted stellar M * /L [3.6] ratios of our sample is 0.54 which is close to the adopted constant M * /L [3.6] value of 0.5 presented in Schombert & McGaugh (2014) .
In Fig. 5 we show the results of the three-parameter NFW fits of theoretically constructed RCs to the observations of these 51 galaxies where the RCs of the individual components are also shown. In each panel, the measured rotational velocities are indicated as black points with errorbars and the best-fitting RCs are shown by black lines. The stellar disk and gas and dark halo contributions are represented as the red, green and blue lines, respectively.
In Table 1 , we tabulate the key results of the best fitted RCs, that is, χ 2 ν , Mvir, c and the implied M * /L [3.6] ratios of the stellar components. The uncertainties on the best-fitted values of M * /L [3.6] and halo parameters have been derived from the 68% confidence level. In most of the plotted RCs the contribution of the dark halo to the velocity curve is above the observed data, so that an unphysically negative M * /L [3.6] ratio improves the RC fits in almost all galaxies as shown in Figure 1 . This allows us to assess if fits which are formally good are also physically acceptable.
Compliance with SPS models
In this section we compare the 3.6 micron band M * /L ratios obtained from RC fits with the independent expectations of stellar population synthesis models. The stellar population synthesis (SPS) models predict a tight linear relation between the color and M * /L ratio of a stellar population. Redder galaxies should have larger M * /L ( see, e.g., Bell & de Jong 2001; Portinari, Sommer-Larsen, & Tantalo 2004) . The normalization of this relation depends critically on the shape of the stellar IMF at the low-mass end. These faint stars contribute significantly to the mass, but insignificantly to the luminosity and color of a stellar system (Bell & de Jong 2001) . The slope of this linear relation does not depend on exact details of the history of star formation, i.e. the assumed IMF. Portinari, Sommer-Larsen, & Tantalo (2004) suggest the color-M * /LK relation using a scaled Salpeter IMF to be
There are other IMF's leading to slightly different relations (Kroupa 2001; Bottema 1997) . The slope 0.73 is insensitive to such variations of the IMF, but the y-intercept is. The color-M * /L [3.6] correlation is calculated from Eq. 10 using the following relation log(M * /L . For 41 galaxies in the sample, χ 2 ν is larger than 3. The implied stellar M * /L [3.6] ratio in 51 out of the 171 galaxies of our sample have unphysically negative values as listed in Table 1 In Figure 2 we compare the fitted global disk M * /L [3.6] ratios to the predictions of SPS models by Bell & de Jong (2001) and Portinari, Sommer-Larsen, & Tantalo (2004) . The black symbols are the implied M * /L [3.6] ratios from the analysis of the RCs. The SPS models of Bell & de Jong (2001) , and Portinari, Sommer-Larsen, & Tantalo (2004) , for different IMFs, and for M * /L [3.6] are also plotted as solid lines. As can be seen, our results are in significant contradiction to the SPS models. The implied M * /L [3.6] ratios from the RC fits using NFW profiles as the DM contribution are significantly lower than the SPS models set by different IMFs for stars with masses between 0.1 and 100 M⊙.
Comparison with cosmological relations
The Newtonian N-body technique has allowed us to follow the detailed hierarchical build-up of virialised DM structures, resulting in near spherical haloes that are well described by the NFW profile. Cosmological simulations of structure formation find that virial masses, Mvir, and concentrations, c, of NFW-like DM haloes are correlated as in Eq. 7, with the average concentration of a halo being a weakly decreasing function of Mvir.
From the theoretical side we know that i) halo structure is sensitive to cosmological parameters (Maccio et al 2008) and ii) the galaxy formation process can cause haloes to both contract or expand (Di Cintio et al 2014) . Bullock et al (2001) , Duffy et al (2008) and Dutton et al (2014) have used a set of N-body simulations to constrain the effects of the cosmological parameters on dark-matter halo structure assuming baryons do not contribute, and to quantify the evolution of the structure of CDM haloes as a population across cosmic time. Bullock et al (2001) Table 1 . Solid lines denote the theoretical predictions of SPS models with different invariant IMFs. These are above the implied M * /L [3.6] ratios from the RC fits using NFW profiles with M vir and c being free fitting parameters.
Duffy et al (2008) applied a set of large N-body simulations to investigate the dependence of dark matter halo concentrations on halo mass in the ΛCDM cosmological model with Wilkinson Microwave Anisotropy Probe (WMAP) parameters. Dutton et al (2014) then applied the Plank cosmological parameters in N-body simulations. On the other hand, Sereno et al (2015) found a relation between DM mass and concentration (the c − Mvir relation) of galaxy clusters using weak lensing data. Assuming a linear log(c) − log(Mvir) relation as follow,
we tabulate the best-fitting coefficient for different analysis in Table 2 .
In Fig 3 we display the derived c − Mvir relationship at redshift z=0 from our RC fits of all galaxies in the SPARC sample. The galaxies are shown as black symbols and the error bars denote 68% confidence intervals. A clear correlation is seen between these two parameters. Low concentrations correspond to high virial masses. Overlaid are c − Mvir relations from different cosmological analysis and simulations. The results of the RC fits strongly disagree with those predicted from different cosmological simulations which are flatter such that many of the galaxies with large Mvir are significantly less-concentrated than expected from cosmological ΛCDM simulations.
We quantify the goodness-of-fit by computing the standard error, SE, defined as (Dutton et al 2014) and the violet dotted-dashed line is derived by (Duffy et al 2008) from cosmological simulations. The dashed green line represents the c − M vir relation constrained for dark matter halos of galaxy clusters (Sereno et al 2015) . See text for more detail.
where N is the number of galaxies in our sample. The SE values for different cosmological analysis are given in Table  2 . As shown in Fig. 4 , excluding the data of galaxies with the negative M * /L ratio does not remedy the case and the c − Mvir relation that emerges from the RC analysis mismatches those predicted from different cosmological analysis.
CONCLUSIONS
Although it is widely accepted that the ΛCDM hypothesis is successful in explaining the observed data on cosmological scales (but see also Kroupa 2012; , it appears to fail rather significantly in reproducing the observed data on galactic and subgalactic scales (Kroupa et al. 2010) . In this paper we assessed if this incompatibility existes in rotation curves of galaxies by calculating dark-matter halo fits for a sample of 171 galaxies from the SPARC dataset. The selected galaxies in the sample cover a large range of luminosi- Fig. 3 , but for 120 galaxies that have positive (top) and 51 galaxies with negative (bottom) M * /L ratios. The slope of the best fitted c − M vir relation is α = −0.30 ± 0.01 with the intercept of β = 1.08 ± 0.26 for the top panel. The slope of the best fit relation is α = −0.29 ± 0.01 and an intercept of this relation is β = 1.14 ± 0.27 for the bottom panel.
ties and morphological types. We used the cosmological motivated NFW halo as one of the most commonly used dark matter halo profiles to explain the dynamics of observed disk galaxies. Our least square fit results are:
• Although we can explain RC observations of a large sample of galaxies (including 171 galactic RCs) by adding the two-component NFW dark-halo models (three free parameters) into the baryonic mass distribution, we do not recover the cosmological c − Mvir relationship. The RC analy-sis predicts a significantly steeper c − Mvir relationship than we expect from cosmological simulations. According to the RC analysis we observe much lower/higher concentrations than cosmological simulations in high/low mass galaxies, respectively.
• Moreover, in 51 cases (about 30% of our sample), the best fitting RCs lead to unphysically negative global 3.6 micron band M * /L ratios which are clearly at odds with stellar population synthesis (SPS) models. Indeed, an impressive result from the dark-halo fits presented here is that the color-M * /L [3.6] relation of the stellar populations in the galaxies required to fit the observed rotation curves are inconsistent with those of SPS models, providing a further test that of the ΛCDM hypothesis for reproducing the dynamics of galaxies fails.
It is important to remember that the theoretical prediction of dark matter cusps relies on pure collisionless CDM structure formation simulations (i.e., stars and gas have no impact on the underlying dark matter distribution). The density profiles of DM haloes can be affected by various baryonic processes. Although the supernova feedback could impulsively drive gas out of a galaxy, transforming a central cusp to a core (Navarro, Frenk, & White 1996) , Gnedin & Zhao (2002) found that the effect is very small. However, Read & Gilmore (2005) argued that multiple repeated bursts can cause this small effect to accumulate, gradually grinding a dark matter cusp down to a core. The most recently used IllustrisTNG (TNG) high resolution hydrodynamic cosmological simulations provide theoretical expectations for the DM mass fractions within the inner regions of haloes (Lovell et al. 2018) . They found that baryons can pull more DM into the centre of the galaxy as the gas cools and condenses. This enhancement leads TNG present-day galaxies to be dominated by DM within their inner regions meaning that the models are even worse than assumed here in terms of the DM content when baryons are taken into account. In any case, observational indications that blow out of gas even in star-bursting dwarf galaxies does not occur (Lelli et al. 2014; Concas et al. 2017) .
It should be noted that our conclusion is based on using the NFW halo profile and it remains to be seen whether other modified dark matter halo profiles, such as the baryonic-mass dependent halo mass profile proposed by Di Cintio et al (2014), can remedy the discrepancy between the c − Mvir relation resulting from RC fits with those from cosmological analysis that has been discussed by some authors (Katz et al 2016; Pace 2016) .
By means of high resolution cosmological hydrodynamic simulations, including the effects of baryonic processes on their host DM haloes, Di Cintio et al (2014) proposed a stellar mass dependent density profile for the DM distribution within a galaxy (hereafter, the DC14 profile). They found that the best fit parameters of the DM density profiles vary as a function of the stellar-to-halo mass ratio of each galaxy. Most recently, Katz et al (2016) showed that the DC14 halo profiles provide better fits to the data than those of the NFW profile. On the other hand, Wu and Kroupa (2015) have shown that the best models of galaxy formation and evolution compared in the dark matter framework fail to reproduce observed galaxies.
The results found here based on NFW halo profiles indicate a serious problem for the dark matter models. It is interesting to note that more direct tests for the presence of dark matter through the process of dynamical friction, based on Milky Way satellite galaxies (Angus, Diaferio, & Kroupa 2011) and an analysis of the M81 group of galaxies (Oehm et al. 2017 ) are also indicating a major tension with the presence of dark matter halos made of particles. More research is useful to further test the notion that the internal dynamics of galaxies is significantly affected by dark matter halos made of particles. Table 1 . The results for RC fits with assuming NFW halo profiles for 51 out of 171 galaxies with the negative best-fitting values of the the 3.6 micron band stellar mass-to-light ratios. The results for galaxies with positive stellar mass-to-light ratios are given in the next pages. Columns 1 and 2 give the galaxy name and type. Columns 3 gives the luminosity of the galaxy in the 3.6 µm-band. Columns 4 and 5 are the effective radius at [3.6] in Kpc (the radius at which half of the total light of the galaxy is emitted) and exponential disk radius, respectively. Column 6 and 7 give the total gaseous mass and B − V color of each individual galaxy, respectively. The best-fitting stellar mass-to-light ratio in the 3.6 micron band for disks is given in column 8. Best-fitted parameters for the NFW dark-halo profile are given in columns 9, and 10. The error bars are the 68% confidence level. The last column gives the corresponding reduced χ 2 ν . Rotation curves in Λ-CDM 9 . Three-parameter dark-matter halo fits (black curves) to the rotation curves of a subset of our sample of galaxies listed in Table 1 . Only cases with the negative M * /L [3.6] ratios are shown. The data points represent the measured rotational velocities and their errors. The rotation curves of the individual components are also shown. The green curves show the contributions of HI gas to the rotation curves. The blue curves give the contribution of the dark halo. The contribution of the stellar disc and bulge (if any) to the best-fitting negative M * /L [3.6] values is not shown. The fitting parameters are the mass-to-light ratio of the disk (M * /L [3.6] ), the concentration (c), and the virial mass (M vir ) of the NFW halo. The solid black lines give the best fit with both M * /L [3.6] ratio and halo as free parameters. The details of best-fitting parameters are listed in Table 1 . 
